The kinetics of propofol are influenced by cardiac output. The aim of this study was to examine changes in blood propofol concentrations during phaeochromocytoma surgery using target-controlled infusion (TCI) anaesthesia with propofol.
Introduction
Anaesthetic management of phaeochromocytoma surgery is particularly critical because of significant haemodynamic changes during surgery. Although preoperative optimizations of blood pressure, heart rate (HR) and intravascular volume reduce the rate of mortality and complications related to phaeochromocytoma surgery [1] , intraoperative blood pressure variations are still observed. Blood pressure markedly increases due to an increased release of endogenous catecholamines induced by tumour stimulation, and markedly declines due to a rapid decrease of endogenous catecholamine release following tumour vessel ligation [2] . These effects necessitate the administration of exogenous catecholamines during surgery.
Numerous anaesthetic techniques and agents have been used to anaesthetise pheochromocytoma patients. One technique, target-controlled infusion (TCI) anaesthesia with propofol, has been used widely in phaeochromocytoma surgery. The TCI system is based on predicted pharmacokinetic models and can provide rapid achievement and maintenance of steady plasma concentrations of propofol. However, the kinetics of propofol are influenced by the cardiac output [3] because propofol has high hepatic and renal extraction ratios. Therefore, it was hypothesized that the large haemodynamic changes during phaeochromocytoma surgery may cause clinically significant changes in the blood propofol concentration despite the use of a TCI system. Increased blood pressure during tumour manipulation might result in decreased blood propofol concentrations because of a high cardiac output. Conversely, decreased blood pressure after tumour excision might result in increased blood propofol concentrations because of a low cardiac output. However, no studies have investigated the pharmacokinetics of propofol during phaeochromocytoma surgery. In addition, the correlation of bispectral index (BIS) values with changes in the blood propofol concentration has not yet been examined in this surgery.
This study aimed to determine whether propofol concentrations decrease during phaeochromocytoma surgery even with the use of a TCI system. Moreover, changes in the BIS value were examined to evaluate the corresponding changes in anaesthetic effect.
Methods

Subjects and study design
Adult patients identified with phaeochromocytoma from March 2012 to March 2016 were considered for this study. Patients with disturbances of consciousness, a wide range of cerebral infarctions that affected BIS values, allergy to propofol or soy, catecholamine cardiomyopathy resulting in low cardiac function, and significant hepatic or kidney disease were excluded. The 10 patients included in the study underwent unilateral adrenalectomy (Nos. 1-9 underwent laparoscopic surgery, No. 10 underwent open surgery) for phaeochromocytoma by the same surgical team. This was a prospective observational study and approved by the ethics committee of the Niigata University. Subjects provided individual written consent for this study.
Study medication and conduct
Preoperative management. All patients were preoperatively administered doxazosin, a selective α1-receptor antagonist that is recommended for optimizing blood pressure, heart rate (HR) and intravascular volume in patients with phaeochromocytoma [4] . The dose of doxazosin was increased over a period of 4-6 weeks to obtain a maximum of 16 mg day -1 .
Anaesthetic management. All patients received a combination of general and epidural anaesthesia. Patients received no premedication except for 1% mepivacaine (3 mL) as a test dose before surgery. Because epidural anaesthesia affects the BIS value [5] , epidural anaesthetic administration was not performed during surgery. Rather, a continuous epidural infusion was started after the end of surgery for the control of postoperative pain. No other opioids were used during surgery. General anaesthesia was induced with TCI of propofol (3.0-4.0 μg ml , we increased the continuous dose of dopamine. Ephedrine was not used because of its reported effects on BIS [6] . When systolic blood pressure (SBP) was >160 mmHg or diastolic blood pressure (DBP) was >100 mmHg, single or continuous infusion of phentolamine (single bolus 1 mg; continuous 3-10 μg kg -1 min ). In addition, interference from electric devices, such as air heaters, could create subtle artefact signal pollution that might not be easily distinguishable as artefacts. Such signal interference could be misinterpreted by the BIS algorithm as electroencephalogram (EEG) activity and cause a spuriously increased BIS value [7] . To prevent contamination from such signals, air heaters were not used on the upper body in this study. In addition, we interviewed the patients after surgery and asked whether they had intraoperative awareness.
Study evaluations
Blood sample collection. Blood samples were collected at the following seven time points: T1, more than 15 min after fixing the target TCI concentration; T2, more than 5 min after T1 and before tumour manipulation; T3, more than 10 min after tumour manipulation; T4, more than 20 min after T3 and before tumour vein ligation; T5, 0-5 min after tumour vein ligation; T6, 15 min after tumour vein ligation; and T7, more than 45 min after tumour vein ligation. To measure propofol concentrations, blood samples from the radial artery were collected into heparinized polyethylene tubes and were stored at 4°C.
Analytical methods
Total blood propofol concentrations (sum of free and bound propofol concentrations) were measured using highperformance liquid chromatography for lysed whole blood (0.5 mL, 0.1 mL whole blood +0.4 mL distilled water) as previously described [8] . Each sample with an internal standard (thymol in methanol) was buffered with 1 mL of 0.1 mol l -1 phosphate buffer (pH 7.4) and extracted on a rotary mixer for 15 min with 5 mL n-hexane. After centrifugation at 1600 × g for 10 min, 30 μL tetra-n-butyl-ammonium hydroxide solution was added to 4 mL organic phase and the solution was evaporated to dryness. The residue was redissolved in methanol and an aliquot was injected into a high-performance liquid chromatograph (Waters 2690; Waters, MA, USA). Propofol and thymol were detected with a fluorescence detector (Waters 474; Waters; excitation: 276 nm, emission: 297 nm). The reproducibility of the measurement was confirmed with a coefficient of variation of <6% and the limit of quantification was 20 ng ml -1 using 0.1 mL whole blood.
Statistical methods
Continuous variables are expressed as means ± standard deviation. Blood pressure, HR, SVR, APCI, blood propofol concentrations, and BIS value were analysed using one-way repeated analysis of variance and the paired t test with the Bonferroni correction. Correlation of blood propofol concentrations with APCI and BIS values were examined using Pearson product-moment correlation coefficient. P values of <0.05 were considered statistically significant. For all statistical analyses, SPSS® v.22.0 for Windows (IBM Japan; Tokyo, Japan) and GraphPad® Prism 6 were used.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [9] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16.
Results
Patient characteristics
All 10 patients enrolled in this study were included in the final analysis. Characteristics of the enrolled patients are shown in Table 1 . Preoperative laboratory data are shown in Table 2 . Five patients had adrenaline predominant, one had noradrenaline predominant and four had both catecholamines predominant.
Circulation management
No significant changes in systolic and diastolic blood pressure were observed during surgery. However, changes in T4 and a significant increase in HR during tumour manipulation and after tumour vein ligation (T3-T7) compared with T1 were observed ( Figure 1A ). APCI significantly increased during tumour manipulation (T4) compared with T1 ( Figure 1B , C). SVR significantly decreased during tumour manipulation (T3) and after tumour vein ligation (T5-T7) compared with T1 ( Figure 1D ).
Changes in blood propofol concentrations and its correlation with cardiac index
Measured blood propofol concentrations are shown in Figure 2A . Because target blood concentrations with TCI varied among the cases, we used the prop-ratio for analysis. This ratio was defined as the blood propofol concentration divided by the target propofol concentration of the TCI. Changes in the prop-ratio are shown in Figure 2B for each individual and in Figure 2C for the cohort. Before tumour manipulation, prop-ratios were 1.09 ± 0.26 and 1.02 ± 0.37 at T1 and T2, respectively, indicating blood propofol concentrations very similar to target concentrations. However, both during tumour manipulation and after tumour vein ligation, prop-ratios were significantly reduced compared with before tumour manipulation, with 0.70 ± 0.21(P = 0.002), 0.62 ± 0.23 (P = 0.001) 0.60 ± 0.23 (P < 0.0001) and 0.59 ± 0.26 (P < 0.0001) at T4, T5, T6 and T7, respectively. Furthermore, there was a significant negative correlation between prop-ratio and APCI [r = -0.31 (-0.51 to -0.08), P < 0.009; Figure 2D ], indicating that increased APCI was associated with a decrease in blood propofol concentration.
Changes in BIS values and its correlation with blood propofol concentrations
Changes in BIS values are shown in Figure 3A for the individual and in Figure 3B for the cohort. Before tumour manipulation, BIS values were 37 ± 4.9 and 38 ± 5.4 at T1 and T2, respectively, whereas during tumour manipulation and after tumour vein ligation, BIS values significantly increased compared with before tumour manipulation: 44 ± 7.5 (P = 0.041), 50 ± 8.0 (P < 0.001), 48 ± 7.2 (P < 0.001), 47 ± 7.8 (P = 0.001) and 52 ± 7.5 (P = 0.001) at T3, T4, T5, T6 and T7, respectively ( Figure 3A) . Sevoflurane, which was administered to two patients with a BIS value of <65, did not affect the BIS value at recording because its exhaled concentration was less than 0.1%, which does not affect the BIS value [10] . None of the patients experienced intraoperative awakening. The propratio was used for analysis. There was a significant negative correlation between the prop-ratio and BIS value [r = -0.33 (-0.52 to -0.10), P = 0.006; Figure 3B ].
Discussion
In this study, we observed a significant reduction in propofol blood concentrations of approximately 40% that was associated with increases in the cardiac index during tumour Blood loss during surgery (ml) 50 (0-362.5) Table 2 Preoperative individual data of patients enrolled in this study
No. manipulation and after tumour vein ligation. Furthermore, BIS values were significantly elevated in response to decreased propofol concentrations. Before tumour manipulation, prop-ratios were 1.09 ± 0.26 and 1.02 ± 0.37 at T1 and T2, respectively, indicating that the measured blood propofol concentrations were nearly consistent with target concentrations, namely, the pharmacokinetics of propofol in phaeochromocytoma patients before tumour manipulation was similar to a set of pharmacokinetic parameters including the TCI system. In contrast, prop-ratios were markedly reduced (30-40%) after tumour manipulation and tumour vein ligation (Figure 2A , B, C), suggesting pharmacokinetics of propofol in the patients during this period greatly changed from the original or that of TCI system. In this period, the cardiac index increased from 2.5 ± 0.2 at T1 to 4.1 ± 1.5 L min -1 m -2 at T4 (P = 0.03) and 3.2 L min -1 m -2 at T7 (not statistically significant). There is evidence that the kinetics of propofol is influenced by cardiac output [3, 11] . Propofol is mainly cleared in the liver and kidneys with hepatic and renal extraction ratios of approximately 0.8 [8, 12] and 0.6 [13] , respectively. The total clearance of propofol is limited by hepatic and renal blood flows. Increases in cardiac output increase these blood flows, thereby enhancing the total clearance of propofol. Thus, the increases in cardiac output can contribute to clinically significant decreases in the blood propofol concentration. Our observation in this study is consistent with predicted theoretical changes and other reports [3, 11] . In fact, the blood propofol concentrations showed a significant correlation with the cardiac index (r = -0.31, P < 0.009). In addition to the effects on drug clearance, increases in cardiac output would also be expected to increase the drug distribution because of the enlargement of tissue perfusion, thereby reducing the total concentration of the drug [14] . However, the decreases in the blood concentrations associated with redistribution would be transient. Since the rapid distribution half-life is short (1-3 min) and the distribution clearance is high, the concentration of propofol reaches a new pseudo-steady state after 20 min, and then slowly decreases until true steady state is reached in response to the enhanced drug clearance.
Dilution may have affected the results. However, because propofol has a large volume of distribution, the dilution effect is minimal. When performing rapid fluid infusion, the dilution effect is observed statistically, but the clinical change is extremely small. In acute massive bleeding, dilution causes a clinically significant decrease in the propofol concentration [15] . However, no acute mass bleeding was observed in this study. Therefore, although the influence of dilution cannot be excluded, its influence is considered small. Our results showed that cardiac output increased not only during tumour manipulation but also after tumour vein ligation. Similar to previous studies [16] , because of cardiac haemodynamic changes during surgery, vasodilators, such as phentolamine and nicardipine, were administered to decrease the blood pressure during tumour manipulation. In addition, exogenous catecholamines, namely inotropic and vasoconstrictor agents, were administered to increase the blood pressure after tumour vein ligation. Therefore, patients in this study were able to maintain a relatively stable blood pressure; however, increased cardiac output was observed both during tumour manipulation and after tumour vein ligation. One potential cause for this observation is low vascular resistance after tumour vein ligation. The protocol used in this study, wherein the dose of noradrenaline was fixed to maintain a vascular resistance of 900 dynes s cm -5 , with subsequent hypotension counteracted by increasing the dose of dopamine. An SVR of 900 dynes s cm -5 is lower than that before tumour manipulation. A second potential cause for the higher APCI following tumour vein ligation may have been the rapid administration of colloid and crystalloid solutions. This was needed after tumour vein ligation. It was thought that this also contributed to the increase of cardiac output after tumour vein ligation. We observed that BIS values were elevated during and after tumour manipulation and removal, which was probably a consequence of decreased blood propofol concentrations.
We also observed a negative correlation between the propratio and BIS values. BIS values were previously revealed to reflect blood propofol concentrations where this concentration reached a plateau phase at a BIS value of approximately 40 [17] . In the current study, the concentration was adjusted to maintain a BIS value of 40-50 before initiation, and the propofol concentration was lower than the plateau phase. Therefore, correlation between prop-ratio and BIS value was observed. As shown in this study, in the case of blood propofol concentration exhibiting significant intraindividual variations during surgery, it might be beneficial to monitor the depth of anaesthesia using EEG monitors, such as BIS [18, 19] , in clinical settings where assessment and monitoring of blood propofol concentrations might not be possible even if the drug was administrated using the TCI system.
In patients who received propofol for surgeries with extensive changes in haemodynamics, such as phaeochromocytoma, the assessment of changes in depth of anaesthesia is essential. Reduction in its blood concentration by 30-40%, as we detected here, indicated that the blood propofol concentration might be below the range required for anaesthesia. Although blood propofol administration by TCI for phaeochromocytoma surgery is considered to be safe [20] , our findings indicated that blood propofol concentrations might drop to dangerously low levels, increasing the risk for awakening with surgery progression even with target blood concentration appropriately set These results indicate clinically significant decreases in the blood propofol concentration and a significant negative correlation between APCI and prop-ratio, which demonstrated that the increases in cardiac output can cause decrease blood propofol concentration. *P < 0.05 by paired t test with Bonferroni correction. Prop-ratio: measured blood propofol concentration/target propofol concentration using BIS. These results should caution anaesthesiologists to be cognizant of this potential outcome, although none of the study participants had awareness during anaesthesia. As phaeochromocytoma surgery is associated with extensive haemodynamic changes, inhalation anaesthetics, which are not affected by cardiac output [21] , should be considered as potential alternatives.
This study has several limitations. First, the number of patients was small. However, the results can be generalized because all patients had similar results. Second, endogenous and exogenous catecholamines might have affected the BIS value. Noradrenaline is involved in excitation of locus coeruleus neurons, which in turn regulates consciousness of the subject [22] . Dopamine, in addition to being a precursor of noradrenaline, controls awakening via dopaminergic receptors [23] , Thus, catecholamines might have contributed to elevated BIS values during surgery. However, because of the limited permeability of the blood-brain barrier to noradrenaline and dopamine, exogenous noradrenaline and dopamine released from the adrenal glands probably had little effect on the central nervous system, and their impact on BIS values should be minimal and probably clinically irrelevant. Third, the pharmacokinetics and pharmacodynamics of propofol were analysed in the presence of an opioid, remifentanil, which induces progressive slowing in EEG frequency with increasing serum concentrations and decreases BIS values. We selected the remifentanil dose as 0.3 μg kg -1 min -1
(estimated blood concentration, 7.2 ng ml -1 ) [24] to minimize its potential impact on pharmacodynamic characterization of propofol and haemodynamic changes induced by surgical stimulation in this study [25] . Moreover, plasma remifentanil concentration is influenced by cardiac output [26] , and thus, was likely not constant throughout the surgery. However, as the cardiac index increased with surgery progression, blood remifentanil concentration was predicted to decrease. We considered the influence of remifentanil on BIS values to be less than anticipated. Fourth, we did not measure the free propofol concentration which directly impacts the hypnotic effect and BIS value. Propofol is bound to >98% of red blood cells and serum proteins [27] . Therefore, the free fraction of propofol may have increased even when the blood propofol concentration, as determined by the prop-ratio, decreased. Changes in protein binding during surgery are greatly affected by bleeding and infusion [28] . In general, red blood cells and serum protein concentrations decrease during surgery. Although a similar tendency was observed in this study (unpublished data), the decline was small. Therefore, although the free fraction of propofol might increase when the blood propofol concentration increased, the effect is expected to be small. Nevertheless, because an increase in the BIS value was observed, attention to the possibility of intraoperative awareness is still necessary.
APCO is used for measuring the cardiac output. The intermittent thermodilution method using a pulmonary artery catheter is the gold standard for measuring cardiac These results indicate that the BIS values were significantly elevated compared with before tumour manipulation and a significant negative correlation between the prop-ratio and the BIS value was observed, which demonstrated that the BIS value could predict blood propofol concentrations. Prop-ratio: measured blood propofol concentration/target propofol concentration output. However, insertion of a pulmonary artery catheter is highly invasive. The Vigileo-FloTrac system used in this study can measure cardiac output continuously from the arterial pressure waveform of the peripheral artery, which is minimally invasive. In addition, the accuracy of this system is comparable to continuous cardiac output measurements using a pulmonary artery catheter [29] . Therefore, the Vigileo-FloTrac system is a minimally invasive and reliable cardiac output monitor.
Conclusions
Increased cardiac output with the progression of phaeochromocytoma surgery was associated with a significant reduction in blood propofol concentrations. If propofol is used for anaesthesia in patients undergoing phaeochromocytoma surgery, it is critical to be mindful of potential reductions in blood propofol concentrations during tumour manipulation and after tumour vein ligation.
